The heating mechanism of a corona above an accretion disk in active galactic nuclei (AGNs) is still unknown. One possible mechanism is magnetic reconnection heating requiring energy equipartition between magnetic energy and gas energy in the disk. Here, we investigate the expected observed properties in radio band from such a magnetized corona. A magnetized corona can generate synchrotron radiation since a huge amount of electrons exists. Although most of radiation would be absorbed by synchrotron self-absorption, high-frequency end of synchrotron emission can escape from a corona and appears at the sub-mm range. If only thermal electrons exist in a corona, the expected flux from nearby Seyferts is below the Atacama Large Millimeter/ submillimeter Array (ALMA) sensitivity. However, if non-thermal electrons coexist in a corona, ALMA can measure the non-thermal tail of the synchrotron radiation from a corona. Such non-thermal population is naturally expected to exist if the corona is heated by magnetic reconnections. Future ALMA observations will directly probe the coronal magnetic field strength and the existence of non-thermal electrons in coronae of AGNs.
Introduction
It is believed that X-ray radiation of radio-quiet active galactic nuclei (AGNs) 1 arises from inverse Compton scattering of disk photons in an optically thin or at most moderately thick hot corona above an accretion disk (see, e.g., Katz, 1976; Pozdniakov et al., 1977; Sunyaev & Titarchuk, 1980) . Xray observations have indicated that the coronal temperature is ∼ 10 9 K (e.g. Zdziarski et al., 1994) . However, the heating mechanism of a corona has been a long mystery.
The accretion disk is expected to be strongly magnetized. The magneto-rotational instability would be the main mechanism of angular momentum transportation in accretion disk systems (Velikhov, 1959; Chandrasekhar, 1960; Balbus & Hawley, 1991) , although the detailed properties of this instability are not completely understood. Magnetic reconnection is suggested to be a plausible corona-heating mechanism on the analogy of the solar corona (e.g. Galeev et al., 1979; Di Matteo, 1998) . Liu et al. (2002b Liu et al. ( , 2003 constructed a model for a magnetic reconnection-heated corona above an accretion disk in AGNs and Galactic black hole X-ray binaries (XRBs). The magnetic reconnection-heated corona model well reproduced the observed X-ray properties of AGNs and XRBs under the assumption of the equipartition of magnetic energy with gas energy in the disk.
Since non-thermal electrons are observed in solar flares (Shibata et al., 1995; Lin et al., 2005) and the Earth's magnetotail (Øieroset et al., 2002) , where magnetic reconnection accelerates particles, non-thermal electrons would exist in a reconnection-heated corona together with thermal electrons. Interestingly, such non-thermal electrons produce a powerlaw tail in the MeV band of AGNs' spectra, although MeV power-law tails have never been observationally confirmed. If the spectral index of non-thermal electron distribution is ∼ 4, which is similar to the measured index in solar flares (Lin et al., 2005) and the magnetotail (Øieroset et al., 2002) , the cosmic MeV gamma-ray background radiation can be naturally explained by AGNs of which the cosmic X-ray background radiation is composed (Inoue et al., 2008) . XRBs are also accretion disk systems, although the central black hole mass is of solar mass size. In fact, X-ray spectra of Seyferts resemble those of XRBs . Observationally, it is known that XRBs extend their X-ray emission to the MeV region with a power-law (McConnell et al., 1994; Gierliński et al., 1999) .
Here, if a corona is strongly magnetized and has a huge amount of electrons, synchrotron radiation is generated (e.g. Rybicki & Lightman, 1979; Jones & Hardee, 1979; Petrosian, 1981; Takahara & Tsuruta, 1982; Petrosian & McTiernan, 1983; Robinson & Melrose, 1984; Wardziński & Zdziarski, 2000; Özel et al., 2000; Wardziński & Zdziarski, 2001 ). In the hot accretion flow, so-called advection-dominated accretion flow (ADAF), synchrotron emission is a key ingredient. For example, the radio-infrared spectrum of Sgr A * is well reproduced by synchrotron emission based on ADAF models (e.g. Narayan et al., 1995; Yuan et al., 2003 Yuan et al., , 2004 . AGNs are believed to possess a standard accretion disk (see e.g. Liu et al., 2008) . A standard accretion disk is a radiatively efficient, geometrically thin, and optically thick disk (Shakura & Sunyaev, 1973) . In the standard accretion disk, a corona is expected to have higher electron density and lower electron temperature. Most of synchrotron emission would be absorbed by [Vol. , the emitting electrons, so-called synchrotron self-absorption, because of high electron density. However, if the unabsorbed synchrotron component is observed from AGNs, we can investigate the magnetic field and the fraction of non-thermal electrons in a corona which have never been investigated with current telescopes. And, it can test the magnetic reconnectionheated corona model.
In this letter, we investigate the expected synchrotron radiation from a AGN corona taking a nearby bright Seyfert IC 4329A as an example with the latest observational information (Brenneman et al., 2014) . We also study parameter ranges of magnetic field strength and non-thermal electron fraction which will be constrained by future sub-mm observations. Throughout this letter, we adopt the standard cosmological parameters of (h, Ω M , Ω Λ ) = (0.7, 0.3, 0.7).
Synchrotron Emission from a Corona
We basically follow the formalism byÖzel et al. (2000) which formulated the synchrotron emission from thermal and non-thermal electrons. Although they focused on ADAFs, their formalism can be adopted to systems with isotropically distributed electrons with temperature T e ≥ 5×10 8 K (Mahadevan et al., 1996; Özel et al., 2000) . We briefly review their formalism in this section.
Thermal and Non-thermal Electrons
Thermal electrons are distributed following the relativistic Maxwell-Boltzman distribution given by n th (γ e ) = n th,0 γ 2 e β e exp(−γ e /θ e )/[θ e K 2 (1/θ e )],
where γ e is the electron Lorentz factor, n th,0 is the number density of thermal electrons, β e is the relativistic electron velocity, θ e ≡ k B T e /m e c 2 . k B is the Boltzmann constant, T e is the electron temperature in a corona, m e is the electron rest mass, and c is the speed of light. K 2 (1/θ e ) is a modified Bessel function of second order. For the non-thermal electrons, we use a power-law distribution from γ e = 1 to infinity. The distribution of non-thermal electrons is given by
where n pl,0 is the number density of non-thermal electrons and p is the spectral index of the distribution. In this letter, we set p = 3.8 which is required to explain the cosmic MeV gammaray background (Inoue et al., 2008) and also similar to that observed in solar flares (Lin et al., 2005) and the Earth's magnetotail (Øieroset et al., 2002) . The number density of non-thermal electrons is given by
where a(θ e ) ≈ (6 + 15θ e )/(4 + 5θ e ) (Özel et al., 2000) . Here η is the energy fraction of non-thermal electrons in a corona. A corona is expected to have ∼ 4% of the total electron energy in non-thermal electrons to explain the comic MeV gammaray background radiation (Inoue et al., 2008) . In this letter, we assume η = 4% unless otherwise noted. Observationally, the non-thermal fraction is constrained to be < ∼ 15 % from the spectrum of the brightest Seyfert 1 NGC 4151 (Johnson et al., 1997) .
Synchrotron Emissivity
Under the assumption of an isotropic distribution of electron velocities, the synchrotron emissivity of thermal electrons with temperatures in the range of 5 × 10 8 K ≤ T e ≤ 3.2 × 10 10 K is approximated (Mahadevan et al., 1996) as
where
e , the cyclotron frequency ν b = eB/2πm e c where e is the elementary electric charge and B is the magnetic field strength and
Here we set a = 0.0431, b = 10.44, c = 16.61 (Table. 1 in Mahadevan et al., 1996) , since we consider a corona with temperature of ∼ 50 keV (∼ 6 × 10 8 K) as discussed later. In the case of ADAFs whose temperature is ∼ 10 10 K, these three parameters can be approximated to unity. The synchrotron emission is absorbed by the emitting electrons themselves. The absorption coefficient is given by α ν,th (ν) = j ν,th (ν)/B ν (ν,T e ), where B ν (ν, T e ) is the blackbody source function.
For power-law distributed non-thermal electrons, the synchrotron emissivity is given by (Rybicki & Lightman, 1979) 
Γ represents the Gamma function. The absorption coefficient is
For simplicity, we assume a homogeneous spherical corona around the black hole. In this case, the observed luminosity is estimated as (see sec 7.8 in Dermer & Menon, 2009) 
where j ν (ν) = j ν,th (ν) + j ν,pl (ν), V c = 4πr 3 c /3 is the volume of the corona, τ syn is the synchrotron self-absorption optical depth given as τ syn = 2(α ν,th + α ν,pl )r c , and Fig. 1 . Predicted synchrotron spectra from the corona of IC 4329A at z = 0.0161 (Willmer et al., 1991) assuming spherical geometry. We set M BH = 1.2 × 10 8 M ⊙ (de La Calle Pérez et al., 2010), k B Te = 50 keV, and τ T = 2.34 (Brenneman et al., 2014) . The fraction of non-thermal electron energy is set to be η = 4% with the spectral index of 3.8 (Inoue et al., 2008) . Dotted and dot-dashed curve represents the case for thermal electrons only with B = 10 3 G and 10 2 G, respectively. Solid and dashed curve represents the case for thermal+non-thermal electrons with B = 10 3 G and 10 2 G, respectively. Double dot-dashed curve represents the cycle-2 ALMA sensitivity with 60 seconds integration.
We set the size of the corona is r c = 10R s where R s is the Schwarzschild radius (e.g. Liu et al., 2002b) .
When a Compton y-parameter y ≡ (4k B T e /m e c 2 )/τ T is an order of unity where τ T is the Thomson scattering optical depth, the gas density of a hot corona is n th,0 = τ T /(σ T l) ≃ 2 × 10 9 cm −3 assuming the case with a black hole mass of 10 8 M ⊙ and T e = 5 × 10 8 K. Here σ T is the Thomson scattering cross section and we assume n th,0 ≫ n pl,0 . Under the assumption of energy equipartition between magnetic field and gas in the disk, the magnetic field strength becomes 10 3 G with the typical radiation efficiency of 10 %.
Case for IC 4329A
As an example, we consider IC 4329A which is a nearby bright Seyfert 1.2 galaxy in the southern hemisphere. IC 4329A locates at the distance of redshift z = 0.0161 (Willmer et al., 1991) −0.11 in the case of spherical geometry (Brenneman et al., 2014) . Following section 2, we can evaluate the expected synchrotron emission from IC 4329A with these latest observational information.
Seyfert galaxies are known to have weak jet emission in the radio band. IC 4329A also has radio emission (see e.g. Nagar et al., 1999) . Very Large Array (VLA) observations indicated the (simultaneous) two-point spectral index between 1.4 GHz and 8.4 GHz is ∼ −0.96 using the AB-array configuration. The observed flux at 1.4 GHz and 8.4 GHz is 60 mJy and 10.7 mJy, respectively (Nagar et al., 1999) . Then, the extrapolated νF ν flux is ≃ 1.0 × 10 −15 erg cm −2 s −1 in the sub-mm band. On the basis of our analyses of the NRAO VLA Sky Survey (NVSS by the D-array) and VLA archival data (observation code: AK0394 by the A-array), we obtained results of 66.8 mJy at 1.4 GHz and 11.4 mJy at 8.4 GHz, which are consistent with Nagar et al. (1999) , indicating a spectral index of −0.96 is not affected by resolution effect or flux variation significantly. NASA/IPAC Extragalactic Database (NED) 2 provides flux data at 843 MHz as 79.7 mJy, indicating a flatter radio spectrum (∼ −0.35) at lower frequencies. These observations suggest that synchrotron self-absorption occurring around ∼1 GHz corresponding to the parsec-scale radio source, i.e. the jet component.
Dust emission from the host galaxy would also contaminate to the sub-mm emission. Thanks to high angular resolutions of the full Atacama Large Millimeter/ submillimeter Array (ALMA; e.g., ∼ 0.015 arcsec, corresponding to ∼ 5 pc at the distance of IC 4329A, at 300 GHz (band-7)), a possible dust contribution is expected to be only ∼ 1.4 × 10 −16 erg cm −2 s −1 , assuming a dust temperature of 30 K and an emissivity index of 1.5 (c.f. Doi et al., 2011) , which is fainter than the jet contamination. We also check emission from the dust torus which has temperature of ∼ 200 K and the size of ∼ 2.8 pc (Tristram & Schartmann, 2011) . Using an AGN infrared spectrum model (Mullaney et al., 2011) , the expected contribution is an order of magnitude lower than ALMA's sensitivity at 900 GHz (band-10). Thus, contaminations from the galactic dust and the dust torus are negligible in future ALMA observations. Furthermore, the coronal emission can be discriminated definitely from dust and jet contaminations based on spectral indices. Figure. 1 shows the expected radio emission from the corona of IC 4329A for different magnetic field strength (B = 10 2 G and 10 3 G) and for different electron populations (thermal electrons only and thermal + non-thermal electrons). We also show the sensitivity limit of ALMA cycle-2 with an integration of 60 seconds 3 for comparison. The electron density in the corona is so high that most of radio emission is absorbed by ambient electrons. However, emission at higher frequency can survive from synchrotron selfabsorption. If the corona contains thermal electrons only, the expected flux is far below the ALMA sensitivity limit. If nonthermal electrons exist together with thermal electrons in the corona, the predicted flux is higher than the ALMA sensitivity limit and the jet component. This is because the observable emission are emitted by high energy non-thermal electrons. Therefore, detection of synchrotron emission by ALMA would allow us to investigate not only the properties of magnetic fields in the corona but also its non-thermal content. Importantly, future ALMA observations will be able to see both of the corona and the jet. Hereinafter, we focus on models with thermal + non-thermal electrons. Figure. 2 shows the detectable parameter ranges of magnetic field B and the fraction of non-thermal component η with ALMA. Here we take into account the galactic dust, dust torus, and jet contamination. The triangle point represents the value of η = 4% with which AGNs can explain the cosmic MeV 4 [Vol. , 2 . The testable region of the magnetic field strength B and the energy fraction of non-thermal electrons η in the corona for IC 4329A with ALMA. The shaded region represents the ALMA detectable range with the cycle-2 sensitivity.The triangle point show the value of η = 4% explaining the cosmic MeV gamma-ray background and B = 10 3 G corresponding to the equipartition value. The other parameters are the same as in Figure. 1. We take into account the galactic dust, dust torus, and jet contamination (see the text for details).
gamma-ray background radiation and B = 10 3 G at which magnetic energy is in energy equipartition with gas energy in the disk. The ALMA sensitivity allows us to investigate η down to 0.02% for B = 10 3 G which is limited by the contamination of the jet emission. And we can investigate the coronal magnetic field strength down to B = 50 G, corresponding to ∼ 0.3% of gas energy in the disk, with η = 4%. Thus, wide range of B and η can be tested with ALMA. In other words, we can strongly constrain the coronal properties even if ALMA does not see the coronal synchrotron emission.
Discussion and Conclusion
In this letter, we have investigated the method to probe the magnetic field and non-thermal contents in AGN coronae. Future ALMA sub-mm observations of nearby bright AGNs such as IC 4329A will be able to probe these new physical information of the corona and test the magnetic-reconnection heated corona scenario (Liu et al., 2002b) , although it is difficult to investigate the case with a pure thermal corona. For the case of IC 4329A, we can investigate wide range of the magnetic field strength and the energy fraction of non-thermal electrons. Coronae are heated by magnetic reconnection if B > ∼ 10 3 G and the MeV background flux is explained by Seyferts if η ≃ 4%.
If magnetic reconnection can not provide enough energy to heat up the corona, another corona heating mechanism is required. However, viscous heating by the coronal accretion flow is not enough to keep itself hot against Compton cooling (Liu et al., 2002a) . Moreover, thermal energy content of coronae is too low to explain the observed X-ray luminosities (Merloni & Fabian, 2001) .
In case of shortage of non-thermal electrons for explaining the MeV background flux, other candidates may explain it, such as type Ia supernovae (SNe Ia; Clayton & Ward, 1975; Zdziarski, 1996; Watanabe et al., 1999) , blazars (Ajello et al., 2009) , and radio galaxies (Strong et al., 1976) . However, recent studies show that those are not enough to explain the MeV background flux, see Horiuchi & Beacom (2010) for SNe la, Inoue & Totani (2009); Ajello et al. (2012) for blazars, and Massaro & Ajello (2011); Inoue (2011) for radio galaxies. Although annihilation of dark matter particles may explain the MeV background flux (Olive & Silk, 1985; Ahn & Komatsu, 2005) , there are less natural dark matter candidates, with a mass scale of MeV energies, rather than GeV-TeV dark matter candidates.
Even if ALMA does not see the coronal synchrotron emission, we can probe the nature of the corona combining sub-mm and X-ray observations. The fraction of the non-thermal component can be revealed through observations of MeV tails in nearby AGNs' spectra (Inoue et al., 2008) or the MeV background anisotropy by the Astro-H X-ray satellite (Inoue et al., 2013) . It will give tighter constraints on the magnetic field (see Figure. 2). Therefore, future sub-mm and X-ray observations will be complementary with each other to probe AGN coronae.
For simplicity, we have considered a spherical AGN corona. Our method can be applied to other AGN objects, Galactic black hole systems, and different coronal geometries. Recent X-ray observational studies suggest that coronae have extended geometry like a slab rather than spherical geometry (see e.g. Fabian et al., 2009; Zoghbi et al., 2010; Wilkins & Fabian, 2012; Fabian et al., 2012; Kara et al., 2013) . In the slab corona case, τ T becomes 0.068 ± 0.02 (Brenneman et al., 2014) . Following an extended slab geometry (Wilkins & Fabian, 2012) , the resulting synchrotron self-absorption is expected to be less effective than the case in the spherical geometry as in τ T . Therefore, we can expect more synchrotron photons.
IC 4329A has relatively lower coronal temperature (T e ≃ 50 keV) than typical AGNs do (T e ≃ 100 keV). The cut-off energy E cut in AGNs' spectra is expected to be above 200 keV (Vasudevan et al., 2013) , which implies T e > ∼ 70 keV. Fixing the Compton y-parameter, n e is proportional to kT e . The expected flux becomes higher by a factor of temperature differences. We note that synchrotron self-absorption turnover frequency is less sensitive to the electron density (see Equation. 8).
How distant object can ALMA observe the coronal synchrotron emission? If there is an object with the same physical parameters as IC 4329A with B = 10 3 G and η = 4%. We can probe coronal synchrotron emission from such AGNs up to ∼ 200 Mpc with ALMA. If far as the size of the host galaxy, the dust torus, or the jet is larger than ALMA's resolution, we would expect the same flux level from each component. ALMA can resolve galactic dust even at the distance of ∼ 1 Gpc assuming galactic dust distributing over 10 kpc. Dust torus and jet components can not be resolved at the distance above a few hundred kpc because they are pcsize. This, in turn, means that the ratio between coronal synchrotron emission and dust torus/jet emission will not change. On the contrary, the ratio between coronal emission and galactic dust emission will change with distance because the flux from galactic dust will not change 4 . However, since the galac-tic dust flux is below the ALMA's sensitivity, the detectability strongly depends on the sensitivity rather than the contamination. If ALMA can detect polarization from the coronal synchrotron emission, it will enable us to investigate the magnetic field structure right above the the disk. Since the magnetic field structure is an important key to understand the relativistic jet launching mechanism, such observations will give an important clue in the field of jet formation physics. A detailed study of polarimetric properties is our future work.
